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4D Flow with Compressed Sensing for the Evaluation of Intracranial Flow Patterns 
 
Virginia Hinostroza 
 
 
ABSTRACT 
 
Background: 4D flow (4DF) magnetic resonance imaging (MRI) offers a promising way to 
evaluate blood flow patterns in intracranial aneurysms, although long scan times present a major 
limitation to broad clinical implementation.  Compressed sensing (CS), an accelerated imaging 
technique using strategically undersampled data for data reconstruction, offers a possible solution 
to reduce scan times.  The aim of this study was to understand the effects and limitations of varying 
compressed sensing acceleration factors, R, at different resolutions in in vitro 4D flow acquisitions. 
Methods: This study employed a phantom depicting a saccular aneurysm.  Experiment 1 evaluated 
the reliability of 4D flow with varying levels of compressed sensing acceleration factors (R=7.6, 
12.8, and 16.6).  Experiment 2 assessed the effects of varying resolutions (0.5, 1.0, 1.5, and 2.0 
mm) with a compressed sensing R=12.8.  Qualitative analysis included a visual assessment of 
velocity vectors and streamlines.  Quantitative analysis compared the velocity components, peak 
velocity, flow rate, and wall shear stress in each experiment.  All studies were post-processed using 
a clinically-geared software as well as with an In-House engineering pipeline, with the purpose of 
understanding the advantages and disadvantages of each approach and validating any results. 
Results: The addition of compressed sensing reduced scan times to approximately 4-7 minutes.  
The In-House processing pipeline is superior to the clinical software in visualizing of velocity; 
visual analysis showed velocity overestimations in the R=16.8 streamlines, indicating the limits of 
compressed sensing to be 7.6 < R < 12.8.  As expected, comparison of velocity components reflects 
a decrease in linear regression slopes and correlations as acceleration factors increased (m > 0.90 
for all acceleration factors except R=16.6, and all r > 0.9).  Experiment 2 highlights partial 
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voluming effect at R=12.8: as resolutions decrease, velocities along the wall are less reliable than 
velocities furthest from the wall, which retain high slope and correlation values (both above 0.9 at 
1.0 mm and 1.5 mm resolutions).  High variability peak velocity, flow rate, and wall shear stress 
in both pipelines point to the need for a reliable way to post-process 4D flow. 
Conclusion: This study showed reliable velocity data can be obtained from 4D flow studies 
acquired with compressed sensing lower to moderate acceleration factors at higher resolutions.  
With clinically-acceptable scan times, the focus now shifts towards establishing a robust and 
validated workflow for 4D flow studies before clinical implementation can truly be feasible. 
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1.  INTRODUCTION 
 
1.1 Intracranial Aneurysms and Risk Rupture 
Intracranial aneurysms are abnormal dilations along a localized section of a vessel, caused 
by a weakening in the wall structure.1  Approximately 90% of intracranial aneurysms present as 
saccular,2 which tend to form at junctions throughout the cerebral vascular system,3 commonly 
around the cerebral base and along the circle of Willis.4  The other 10% of intracranial aneurysms 
appear as fusiform or dissecting.4  It is believed approximately 3% of the population have 
intracranial aneurysms,5 although there are an increasing number of unruptured intracranial 
aneurysms are being detected, reflecting improvements in non-invasive imaging modalities such 
as magnetic resonance imaging (MRI) and computed tomography (CT) over the past decades.6   
As with other vascular diseases, the main concern in the management of intracranial 
aneurysms is evaluating the risk of rupture. Although only 0.25% of aneurysms will eventually 
rupture,5 they have been associated with serious outcomes, including subarachnoid hemorrhages 
with high rates of fatality (30-40%) and functional impairment, even in patients that survive.7   
Thus, clinicians must weigh the unlikely risk of rupture that comes with conservative clinical 
management against the associated risks of prophylactic endovascular and surgical interventions8 
and their associated costs.9  Although scoring systems and guidelines consider a patient’s 
demographics, medical history10 and modifiable risk factors5 when determining rupture risk, from 
an imaging standpoint, aneurysmal size has proven to be a consistent predictor of rupture.6 
 
1.2 Hemodynamics of Intracranial Aneurysms 
Although larger aneurysms are at greater risk for rupture, small aneurysms often do rupture 
as well,11 underscoring the limitation of size as a prediction variable and the need to look for other 
measurable predictors. Recently there has been increased interest in gaining a deeper 
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understanding of hemodynamics and the role it plays in the etiology and progression of intracranial 
aneurysm, as well as its potential prognostic value to predict ruptures. Wall shear stress, the 
frictional and tangential force exerted by flowing blood on a vessel wall,12 is of particular interest 
since there is evidence it plays a key role in the behavior and integrity of endothelial cells. 
Physiological levels of wall shear stress seem to support correct alignment and regulation of the 
inflammatory factors, with abnormal wall shear stress levels promoting aneurysm formation and 
expansion.13  Sustained levels of high wall shear stress have been known to contribute to vascular 
disease pathogenesis,13 causing endothelial injury that initiates vascular remodeling, a process that 
leaves the vessel wall susceptible to expansion.14  In contrast, low levels of wall shear stress is 
believed to facilitate aneurysmal expansion.15,16   
Because wall shear stress is derived from the velocity gradients along the vessel wall,17 
future studies regarding the role of wall shear stress depend on our ability to obtain reliable velocity 
information in and around intracranial aneurysms. While traditional vascular imaging has provided 
limited hemodynamic information, the recent advent of phase-contrast MRI (PC-MRI),18 also 
referred to as four-dimensional flow (4D flow), offers a promising non-invasive imaging tool to 
provide a more thorough evaluation of flow patterns in intracranial aneurysms.  
 
1.3 4D Flow and Its Limitations 
4D flow is a time-resolved MR sequence that uses bipolar gradients to encode velocities in 
three (x-, y-, and z-) directions,19 yielding a voxel-by-voxel velocity dataset that can be used to 
visualize flow patterns over time. After the application of the slice selective gradient, subsequent 
dephasing and rephasing gradients of equal magnitudes are subsequently applied in a single 
direction. Stationary spins will experience a net phase change of zero while moving spins (e.g. in 
flowing blood) will reflect a net phase shift since they will have experienced unequal magnitudes 
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of the bipolar gradients due to changes in their position. Since the resulting phase shift is 
proportional to the change in position, it can be directly attributed to a specific velocity, based on 
the assigned velocity encoding (VENC). To avoid aliasing, VENCs should be designated to 
include phase shifts slightly greater than  180, although this should be adjusted for regions with 
lower flow.18  This process is then repeated in the other two directions. A magnitude images is also 
acquired at each sampling time point, resulting in four data sets per each cardiac phase. 
Despite 4D flow’s ability to provide valuable velocity information, it has faced numerous 
limitations to being implemented in clinical settings. A complex and multi-step pre-processing (for 
unwrapping, segmentation, and background correction) is required before the phase datasets can 
be transformed, integrated and visualized with the magnitude image.20  But a major limitation even 
before image processing occurs are the long scan times required to attain all four datasets. Scan 
times often last between 15-20 minutes,21 increasing associated costs as well as the probability of 
motion artifacts.22  Even after applying common acceleration methods such as parallel imaging,23 
4D flow studies at our institution can last between 10-15 minutes, which is still too long to image 
aneurysms that may be at risk for rupture. 
 
1.4 Compressed Sensing 
Incorporation of compressed sensing (CS) into 4D flow sequences has been proposed as a 
way to reduce scan times. Compressed sensing is an MR undersampling technique based upon 
many concepts underlying data compression.24  By using an incoherent, pseudo-random 
subsampling strategy (to avoid coherent aliasing24) and then applying advanced non-linear 
reconstruction methods to fill in the missing data points,22,25 compressed sensing saves scan time 
by acquiring a limited dataset that is then used to reconstruct a full k-space. Compressed sensing 
is described in terms of acceleration factors, R, denoting the fraction of a k-space that is acquired. 
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As with other accelerated acquisition techniques, the addition of compressed sensing to 4D 
flow studies comes with tradeoffs. Applying compressed sensing to the velocity-encoding phase 
data sets means the original velocity samples are being blurred and spread out as the algorithm 
reconstructs the missing velocity data in the rest of k-space. Through this process, we can expect 
the original velocity data to also become blurred, likely resulting in underestimation of peak 
velocity and derived flow parameters like flow rates and wall shear stress. A recent study showed 
an experimental compressed sensing 4D flow sequence to have similar flow features and values as 
a standard accelerated acquisition in patient studies.21  This study seeks to build upon these results, 
with the aim of better understanding the effects and possible limitations of varying compressed 
sensing acceleration factors at varied resolutions in in vitro 4D flow acquisitions. 
 
1.5 Objective 
The purpose of this study was to investigate whether aneurysmal flow patterns and 
parameters obtained with 4D flow acquisitions with varying levels of compressed sensing and at 
different resolutions are comparable with those obtained from the standard undersampled 4D flow 
acquisition routinely in use. 
 
 
2.  MATERIALS & METHODS 
 
2.1 In vitro Three-Dimensional Phantom 
This in vitro study employed a three-dimensionally printed negative gel phantom with a 
hollow lumen. It depicts a saccular aneurysm located between the anterior communicating and 
middle cerebral arteries, measuring approximately 1.3 cm at its widest region. The patient-specific 
phantom was selected due to the varied and complex flow patterns it can generate. In addition to 
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regions of low and high flow, the phantom was designed to also include a section representing the 
Circle of Willis, allowing for a region with recirculating flow. 
 
2.2 Study Design for Experiments 1 and 2 
Two experiments were conducted, each aimed at evaluating different aspects of 4D flow 
acquired with compressed sensing. Experiment 1 compared the effects of different compressed 
sensing acceleration factors (R=7.6, 12.8, and 16.6) to the standard undersampled 4D flow 
acquisition (Siemen’s GRAPPA, a parallel-imaging acquisition with an acceleration factor R=2).  
Experiment 2 used 4D flow with compressed sensing acceleration factor R=12.8 to test its 
effects among studies acquired at different isotropic resolutions: 0.5 mm, 1.0 mm, 1.5 mm, and 
2.0 mm. The study with the highest resolution (0.5 mm) was used as the control. Figure 2.1 
provides a graphical overview of the study design for both experiments. 
 
 
Figure 2.1 Study design of Experiment 1 and Experiment 2 
 
 
2.3 4D Flow MR Acquisitions 
All studies were acquired on a Siemens MAGNETOM Skyra 3T MRI scanner (Siemens 
Healthcare, Erlangen, Germany) at the Veteran’s Affairs Medical Center (VAMC) in San 
Francisco, California. In both experiments, 5 L of water was infused with 5 mL of gadolinium and 
then circulated through the phantom using pulsatile flow. Flow rate was set to approximately 3 
mL/sec. The imaging parameters of all imaging studies can be found in Table 1. 
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Table 2.1 Parameters of 4DF MR Acquisitions for Experiments 1 and 2 
 
Experiment 1 Experiment 2 
GRAPPA CS Acceleration Factors Different Resolutions at CS R=12.8 
R=2 R=7.6 R=12.8 R=16.6 0.5 mm 1.0 mm 1.5 mm 2.0 mm 
VENC (cm/s) 120 120 120 120 120 120 120 120 
FOV 240 x 180 240 x 180 240 x 180 240 x 180 240 x 180 240 x 180 240 x 180 240 x 180 
Slice Thickness (mm) 1.0 1.0 1.0 1.0 0.5 1.0 1.5 2.0 
Flip angle 15 15 15 15 15 15 15 15 
TR (ms) 54.24 54.24 54.24 54.24 64.24 64.24 64.24 64.24 
TE (ms) 3.71 3.53 3.53 3.53 4.76 4.47 4.76 4.76 
NEX 1 1 1 1 1 1 1 1 
Acceleration factor, R 2 7.6 12.8 16.6 12.8 12.8 12.8 12.8 
No. of cardiac phases 16 16 16 16 14 14 14 14 
Scan time (min:sec) 26:59 7:03 4:13 3:14 4:13 4:13 4:13 4:13 
 
 
2.4 Flow Parameters Evaluated 
The selected qualitative and quantitative flow parameters reflected some of the most 
commonly reported variables found in 4D flow.26  Qualitative parameters included the velocity 
vectors and streamlines; quantitative parameters included individual voxel velocity components, 
peak velocity, flow rate, and wall shear stress. 
 
2.5 Post-Processing 
Since a major motivation of this study was to evaluate the feasibility of incorporating 4D 
flow into the clinical setting, studies were initially processed using a commercial, clinically-
oriented software, CVI42 (CIRCLE Cardiovascular Imaging, Calgary, AB, Canada). CVI42’s 
semi-automatic features were used to perform background correction, segmentation, flow 
processing, and analysis. All parameters except velocity components were obtained with CVI42. 
To obtain the individual velocity components, as well as to validate the results provided by 
CVI42, studies were subsequently processed through an in-house engineering pipeline (In-House 
pipeline). To minimize intra-user variability, SimpleITK27,28 was used to register all studies within 
a single experiment to each other. Segmentation of the phantom flow region was done with the 
Vascular Modeling Toolkit (VMTK)29; in-house Python scripts were then used for background 
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correction and flow processing. The processed 4D flow datasets were then visualized and analyzed 
using ParaView (Kitware, Clifton Park, NY, USA). All flow parameters except wall shear stress 
obtained using the In-House pipeline. 
 
2.6 Visualization of Velocity Vectors and Streamlines 
Velocity vectors and streamlines were generated in CVI42 and Paraview. CVI42 
processing was conducted using their automatic visualization features for velocity vectors and 
streamlines; both were visualized at the maximum allowed level allowed of 20 particles/mL. 
Visualization of velocity vectors and streamlines in Paraview required significant more manual 
processing. A glyph filter was applied to the magnitude velocity dataset of each study. Velocity 
vectors were then created the StreamTracer filter. Streamlines were created using all velocity data 
points, with exception of the 0.5 mm study in Experiment 2 (every third point was used to prevent 
oversaturation). Final streamlines were composed of 30,000 points of size 2, with line widths of 
1.75 (Experiment 1) and 1.25 (Experiment 2). 
 
2.7 Velocity vector components 
Figure 2.2 shows the strategy for evaluation of velocity vector components in both 
experiments. Studies from Experiment 1 were acquired with an isotropic resolution of 1.0 mm, 
allowing for a direct voxel-by-voxel comparison of velocity components using the In-House 
pipeline. The velocity data from the GRAPPA study was used as the standard for comparison. 
Since studies in Experiment 2 were acquired at different isotropic resolutions, a direct 
comparison of velocity components could not be implemented using the same approach. Instead, 
over 100,000 sample points were obtained in the exact same locations throughout the registered 
phantom volumes. The 0.5 mm resolution study did not include a portion of the phantom inlet; 
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thus, sample points from inlet regions in the other studies were not included in the analysis. The 
velocity components for each subsampled point were then interpolated, weighing the velocity 
information from its neighboring voxels. The velocity components of the 1.0 mm, 1.5 mm, and 2.0 
mm studies were compared to those of the 0.5 mm study. 
 
 
Figure 2.2 Strategy for comparison of velocity components. Velocity 
components in Experiment 1 were conducted on a voxel-by-voxel basis, 
represented by the same color across different studies. Experiment 2 required 
sampling points from each dataset and interpolating its velocity components 
from its neighboring voxels before comparing them. 
 
 
2.8 Peak velocity, flow rate and WSS 
Peak velocity, flow rate, and WSS values were evaluated at three distinct slices around the 
aneurysms: the inlet; main body of the aneurysm (coronal view); and the outlet (Figure 2.3). In 
CVI42, three planes were manually positioned at the three locations on the individual studies, 
using planes in the first (GRAPPA) study as visual references. Within each plane, the specific 
regions of interest were manually edited to ensure the contour aligned with the vessel wall. These 
planes were then replicated in Paraview using various filters. Since all studies within a single 
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experiment were registered to each other, the exact slice coordinates were uniformly applied. The 
peak velocity, flow rate, and WSS of each plane and slice were then obtained for a cardiac cycle. 
 
 
Figure 2.3 Planes of interest in (A) CVI42 and (B) In-House pipeline 
for the evaluation of peak velocity, flow rate, and wall shear stress 
 
 
2.9 Data Analysis 
Data used for the visualization of velocity vectors and streamlines, and the component 
analysis were evaluated at systole to ensure the widest range of values. Velocity vectors and 
streamlines generated in CVI42 and the In-House pipeline; they were qualitatively described and 
compared against the experiment’s respective control study. 
Analysis of velocity components were done using In-House Python scripts. Velocity 
components were plotted against their experiment’s control data; linear regression lines and 
correlation coefficients were then calculated. To gain a thorough understanding of the effects of 
compressed sensing on voxels based on their position within a vessel, this was done for all voxels 
in the data set; voxels closest to the wall, where partial voluming is likely starting to take effect; 
and voxels furthest from the wall.   Bland-Altman plots were also generated to evaluate the limits 
of agreements for the magnitude velocities in both experiments. 
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The peak velocities data from CVI42 were plotted on a single graph; the data for the same 
parameter obtained through the In-House pipeline was similarly plotted on a separate graph. This 
was repeated for the flow rates and wall shear stress parameters. Plotting two separate graphs 
allowed evaluation of the effects of the test variables within and amongst each processing pipeline. 
The goal was to validate any observed trends by the other pipeline. 
 
 
3.  RESULTS 
 
3.1 Visualization of Velocity Vectors and Streamlines 
The velocity vectors and streamlines generated by CVI42 and In-House pipeline show stark 
differences in their visualization capabilities. CVI42 provides very sparse velocity vectors and 
streamlines for all 4D flow studies in both experiments (Figures 3.1 and 3.2). The In-House 
pipeline yielded adequate velocity vectors, streamlines, and overall flow patterns.  
In Experiments 1 and 2, velocity vectors and streamlines generated by CVI42 are mostly 
isolated to the inlet and bifurcation, mainly in the opposite direction of the aneurysm with only a 
few vectors appearing in the aneurysm itself. Overall, CVI42 is unable to reflect flow patterns 
through the aneurysm or distal regions, likely due to the fact that CVI42 visualizations were limited 
to 20 particles per mL. Although this may be sufficient for flow visualization in larger vessels with 
larger flow volumes, it is clearly insufficient for visualizing flow in intracranial vessels. 
In contrast, velocity vectors and streamlines processed and visualized through the In-House 
pipeline depict flow throughout the entire phantom. In each study, a range of velocities can be seen 
at the phantom inlet, with high velocities vectors detected at the bifurcation before splitting into 
two branches. A vortex pattern inside the aneurysm can be seen in each study. All distal regions 
reflect low velocity flow, with vectors showing high directional variability. 
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3.1.1 Experiment 1: Visualization of Velocity Vectors and Streamlines 
Figure 3.1 shows velocity vectors and streamlines for Experiment 1. Experiment 1’s 
velocity vectors show little variability with increasing acceleration factors. Most observable 
differences occur in vectors located along the aneurysm wall and outlet. Streamlines show greater 
variability with different acceleration factors. Interestingly, all studies compressed sensing 
acceleration factors show streamlines going through the bifurcation into at least one branch and 
often the aneurysmal branch, which is not visible on the GRAPPA study. All streamlines depict a 
vortex in the aneurysm, although it is more blurred in the streamlines from CS R=16.8. The 
stenosis at the distal end of the aneurysm is preserved in all studies. 
 
Figure 3.1 Velocity vectors and streamlines at systole for Experiment 1. Arrows indicate locations 
where deviations from GRAPPA study are observed. 
12 
 
The velocities in the CS R=7.6 streamlines most closely resemble those of the GRAPPA 
study, while the CS R=16.6 streamlines appear to underestimate the velocities throughout the 
entire phantom, despite having more streamlines.  An important but subtle difference occurs in 
streamlines along the inlet and bifurcation, which appear darker in the CS R=16.6 than in the 
GRAPPA or other compressed sensing studies. This presents a clear limitation of using high 
compressed sensing acceleration factors; overestimation in individual velocities would further be 
compounded in the calculation of flow parameters like flow rate and wall shear stress.  
 
3.1.2 Experiment 2: Visualization of Velocity Vectors and Streamlines 
In Experiment 2, the effects of different resolutions at CS R=12.8 become apparent upon 
evaluation of the velocity vectors and streamlines (Figure 3.2). There is a noticeable decrease in 
the number of vectors as the voxel size increases, with 2.0 mm having the lowest density of vectors.  
Apart from a decreasing number of velocity vectors, reflecting the reduction in the number 
of voxels, we can observe a decrease in the velocity magnitudes, specifically along the inlet, branch 
opposite the aneurysm, and the aneurysm outlet. In these three regions we see a decrease in the 
highest velocities, reflecting underestimation of velocities as the resolution decreases.  
Although the 0.5 mm resolution study provides the greatest number of velocity vectors 
throughout the phantom, its streamlines are sparser than in the 1.0 mm, 1.5 mm, and 2.0 mm 
studies. As resolution increases, we observe a decrease in the velocities around the inlet turn, at 
the bifurcation, and the branch opposite the aneurysm. We also see a decrease in the velocities at 
the inlet of the aneurysm. 
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Figure 3.2 Velocity vectors and streamlines at systole for Experiment 2. Arrows indicate locations where 
deviations from 0.5 mm resolution study are observed. 
 
 
3.2 Comparison of Velocity Components 
 
3.2.1 Experiment 1: Velocity Components at Different Compressed Sensing Acceleration 
Factors 
The plots comparing the magnitude velocity components at systole of the compressed 
sensing acquisitions with those of the standard GRAPPA 4D flow acquisition are shown in Figure 
3.3. As expected, both the regression lines for the magnitude velocities decrease as acceleration 
factors increase, indicating an inverse relationship between them.  
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Figure 3.3 Comparison of magnitude velocity components in Experiment 1. A. The individual 
magnitude velocity components of each experimental acceleration factor (from left to right: CS 
R=7.6, 12.8, and 16.6) is plotted against its corresponding velocity components in the GRAPPA 
study. The graphs on the right show the regression slopes and correlation coefficients of each 
study. Bland Altman plots detail limits of agreement at different acceleration factors. B. Velocity 
component analysis for velocity components closest to the wall. C. Velocity component analysis 
for the velocity components furthest from the wall (i.e. closest to the center). 
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In general, although the magnitude velocities from the compressed sensing acquisitions are 
likely underestimating the corresponding velocities obtained in the GRAPPA study, they reflect a 
strong linear relationship, with all regression lines having m > 0.9140 and r > 0.9286. The 
relationship falls slightly for velocity components located closest to the wall, with m > 0.8972 and 
r > 0.9209, reflecting partial voluming effects in those voxels. In contrast, velocity components 
located furthest from the wall reflect the highest linear relationship (m > 0.9377) and strongest 
correlations (r > 0.9319), even at the highest CS R=16.6. Slight deviations in the regression and 
correlations are observed for velocity components obtained with CS R=16.6, further suggesting 
this may be the limit of compressed sensing acceleration factors. 
The Bland Altman analysis for magnitude velocities further supports this. The average 
difference between GRAPPA and compressed sensing velocities components ranges from 0.006 
and 0.009, indicating compressed sensing only slightly underestimates the magnitude velocities. 
The limits of agreements (containing approximately 95% of the data) decrease as acceleration 
factors increase, starting from ± 0.108 (for CS R=7.6) and progressing to ± 0.109 (CS R=12.8), 
and ± 0.103 (for CS R=16.6).  Yet all fall within the clinical limit of agreement of ± 0.2, indicating 
overall good agreements amongst the different compressed sensing acceleration factors. 
 
3.2.2. Experiment 2: Velocity Components of Different Resolutions with Compressed 
Sensing R=12.8 
Experiment 2 shows high variability amongst the systolic velocity components acquired at 
different resolutions with a compressed sensing acceleration factor of R=12.8, as shown in Figure 
3.4. Although the linear regression slope for the magnitude velocity components of the 1.0 mm 
acquisition is quite high (0.9970), its correlation coefficient is much lower (0.8776), reflecting a 
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greater degree of variation (in both directions) in the compressed sensing velocity components 
compared to those from GRAPPA.  
Regression slopes and correlation coefficients continue to decrease at lower resolutions, 
with the 2.0 mm acquisition having the lowest regression slope (m=0.8346) and correlation 
coefficient (r=0.8106). For velocity components from voxels located closest to the wall, partial 
voluming effect can be observed as the regression slope and correlation coefficient start at 
m=0.8601 and r=0.6146 for 1.0 mm and continue to decrease at 1.5 mm and 2.0 mm. In contrast, 
the velocity components from voxels furthest from the wall start with regression lines above 0.9 
at resolutions of 1.0 mm and 1.5 mm, before increasing to m=1.0318 and then dropping to 
m=0.8240. Although the correlation coefficients range from 0.8240 (2.0 mm) and 0.9407 (1.5 
mm), they are still higher than the corresponding values for components along the wall, even at 
2.0 mm, indicating there is little partial volume effect occurring in this region. Overall, the velocity 
components coming from the center of the lumen in 1.0 mm and 1.5 mm resolution studies most 
reliably approximate the velocity components from the GRAPPA velocity dataset. 
The Bland Altman analysis for magnitude velocities further supports this. The average 
difference between the GRAPPA and compressed sensing velocities components ranges from 
0.014 and 0.030, indicating increasing underestimations of the magnitude velocities as the voxel 
size increases. The limits of agreements increase along with voxel size, from ± 0.140 (for 1.0 mm) 
to ± 0.150 (1.5 mm) to ± 0.165 (2.0 mm).  The limits of agreement for 1.0 mm and 1.5 mm 
resolutions fall comfortably below the clinical limits of agreement; the limit of agreement for 2.0 
mm is very close to that of the upper clinical limit, indicating a possible limitation of voxel size 
when studies are acquired with a CS R=12.8. 
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Figure 3.4 Comparison of magnitude velocity components in Experiment 2. A. The individual 
magnitude velocity components of each resolution (from left to right: 1.0 mm, 1.5 mm, and 2.0 
mm), acquired with CS R=12.8, is plotted against the velocity components of the GRAPPA study. 
The graph on the right show the regression slopes and correlation coefficients of each study, 
relative to each other. Bland Altman plots detail limits of agreement for each resolution. B. 
Velocity component analysis for velocity components closest to the wall. C. Velocity component 
analysis for the velocity components furthest from the wall (i.e. closest to the center). 
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3.3 Peak Velocities, Flow Rates & Wall Shear Stress 
Obtaining reliable values for peak velocity, flow rate, and wall shear stress proves to be 
challenging regardless of the processing pipeline employed. In general, there is great variability in 
the peak velocity, flow rate, and wall shear stress data obtained for each plane of interest. Data 
presented for Experiment 1 and Experiment 2 is limited to the inlet plane, since similar variability 
was also observed in the aneurysm cross-sectional and outlet planes. 
 
3.3.1 Experiment 1: Peak Velocities, Flow Rates, and Wall Shear Stress at Different 
Acceleration Factors 
CVI42 shows studies with compressed sensing overestimate peak velocity throughout most 
of the cardiac cycle when compared to the GRAPPA study, although there is great variability 
amongst themselves (Figure 3.5). The In-House pipeline reflects the opposite trend; all compressed 
sensing studies severely underestimate the peak velocities, with a noticeable difference in scales 
between the GRAPPA and all of the compressed sensing studies.  
Although the flow rate curve shapes of the GRAPPA and compressed sensing acquisitions 
resemble each other, there is variability amongst them throughout the entire cardiac cycle. Flow 
rate curves generated through Paraview reflect less variability, although they appear to be 
significantly lower than the values obtained from CVI42. 
Wall shear stress curves in the studies obtained with compressed sensing are lower than 
that of the GRAPPA study, although their order (CS R=12.8 > 16.6 > 7.6) is unexpected. These 
results are not able to be validated since the In-House pipeline does not yet have a reliable way to 
compute wall shear stress. 
 
19 
 
 
Figure 3.5. Peak velocities, flow rates, and wall shear stress for Experiment 1 
 
 
3.3.2 Experiment 2: Peak Velocities, Flow Rates, and Wall Shear Stress of Different 
Resolutions with Compressed Sensing R=12.8 
CVI42 and In-House pipeline both show the lower resolution scans in Experiment 2 
underestimating the peak velocities throughout the cardiac cycle (Figure 3.6). There is more 
variety in the peak velocity curves generated in CVI42, specifically of the 0.5 mm, which also 
appears much higher than its counterpart generated through the In-House pipeline. It is difficult to 
ascertain a trend amongst the curves for each resolution as well as within each individual pipeline. 
Flow rate curves generated in CVI42 show similar shapes, with the exception of the 2.0 
mm curve, although their values show little overlap. Additionally, the flow rate curves from the 
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1.5 mm and 2.0 mm studies show retrograde flow, particularly after systole, which is not observed 
in the In-House pipeline. The curves from the In-House pipeline show less shape variability, but 
their values are significantly lower than those from CVI42. The trends observed in CVI42 data, 
with the majority of the curves underestimating the 0.5 mm flow rates, are not observed in the In-
House data, with 1.0, 1.5, and 2.0 mm curves all reflecting higher flow rates than the 0.5 mm scan. 
The wall shear stress curves generated by CVI42 show very similar shapes for the different 
voxel resolutions throughout the cardiac cycle. The data suggests wall shear stress at a specific 
location decreases as the voxel sizes increases; although this is the expected result, it cannot be 
verified since an In-House wall shear stress pipeline has not yet been established. 
 
 
Figure 3.6. Peak velocities, flow rates, and wall shear stress for Experiment 2 
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4.  DISCUSSION, FUTURE WORKS AND CONCLUSION 
The addition of compressed sensing to 4D flow MRI shows scan times can be reduced to 
approximately 4-7 minutes, moving such studies closer to being applied in the clinical setting.  
Analysis of velocity vectors in Experiment 1 show slight changes along the aneurysm wall 
and outlet, but retain the overall flow patterns even with increased compressed sensing acceleration 
factors. Streamlines similarly reflect the same flow patterns, although CS R=16.6 appears to 
overestimate the velocities along the inlet and bifurcation; this likely indicates the limit to 
compressed sensing acceleration factors lies between R=12.8 and R=16.6. As in Experiment 1, 
velocity vectors in Experiment 2 reflect the overall flow pattern in the phantom. Although the 2.0 
mm study has fewer velocity vectors, an advantage of working with a robust visualization 
application like Paraview is the ability to adjust and amplify the number of vectors if necessary. 
Although the streamlines at 1.0 mm offer a close estimation to the streamlines in the 0.5 mm study, 
velocities in the 1.5 mm and 2.0 mm studies progressively underestimate the 0.5 mm velocities, 
specifically at the inlet and bifurcation. This occurs because as voxel size increases, higher 
velocities become averaged out by the addition of other, lower velocity components.  
Evaluation of the qualitative parameters also highlight differences between the two 4D 
flow post-processing pipelines employed in this study. Although the clinical software evaluated, 
CVI42, is very user friendly and consolidates many post-processing steps, it provides overall 
sparse flow visualization. It also reflects great variability in the quantitative parameters evaluated, 
as discussed below. The results from the In-House engineering pipeline yields less variability 
although the data often differs in scale when compared to CVI42. Clearly, how 4D flow is 
processed matters and can significantly impact what conclusions can be drawn from the data. 
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Analyses of the velocity components indicate a high degree of fidelity in the velocity data 
from 4D flow studies acquired with the low (R=7.6) and moderate (R=12.8) compressed sensing 
acceleration factors (Experiment 1), with regression slopes and correlation coefficients generally 
above 0.9. Experiment 2 shows a moderate level of compressed sensing has a greater blurring 
effect on the velocity data, particularly in voxels located along the wall, as resolution decreases. 
Magnitude velocity components in higher resolutions (0.5 mm and 1.0 mm) maintain linear 
regression slopes above 0.90, although their correlations are less 0.9. This is likely to improve with 
lower levels of compressed sensing (i.e. at R=7.6), as shown in Experiment 1. A closer evaluation 
based on a velocity component’s position relative to the wall indicates greater fidelity than 
components located furthest from the wall (i.e. closer to the center of the lumen). Overall, analysis 
of the individual velocity components and their limits of agreement confidently imply velocity 
data obtained with low to moderate compressed sensing acceleration factors (R=7.6 or 12.8) 
acquired at lower (0.5-1.0 mm) resolutions are comparable to the standard GRAPPA study. 
This study has numerous limitations that should be kept in mind when evaluating its results. 
A major limitation is that a true “gold standard” was not used to evaluate the 4D flow with 
compressed sensing acquisitions against. As previously mentioned, the standard 4D flow 
acquisition employed a GRAPPA sequence, which is itself an undersampling technique. This was 
done due to the fact that GRAPPA is already widely used with 4D flow imaging, as well as the 
long scan time that would be required to image a fully-sampled 4D flow acquisition. A possible 
solution would be to generate a three-dimensional computational model and mesh of the aneurysm 
phantom and conduct a computational fluid dynamic simulation, which is currently in the works. 
There are also many limitations relating to the clinical processing software, which had 
difficultly post-processing most compressed sensing studies. Flow was often detected outside the 
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lumen of the gel phantom while underestimating the amount of flow inside the lumen; CVI42 
allows for manual removal of static and air detected regions inside the phantom lumen but 
unfortunately does not allow removal of flow-detected regions throughout the rest of the phantom. 
Setting a high mask threshold to maximize flow inside the lumen most likely affected the accuracy 
of the background correction and subsequently required significant manual segmentation to limit 
the flow to the appropriate regions of the phantom. This, along with the smoothing effects of the 
compressed sensing non-linear reconstruction on the magnitude image, likely contributed to intra-
user variability amongst all studies, for both Experiments 1 and 2.  
The inability to position the analysis planes using a coordinate system also likely 
contributed to the high variability in the CVI42 data, since we cannot be certain they were placed 
in the exact same location. Additionally, the contoured region of interest on the planes changed 
area throughout the cardiac cycle, which likely explains the wide range in its calculated flow rates. 
This feature is probably advantageous when processing in vivo studies, with expanding and 
contracting vessels, yet not applicable in the solid, non-deformable phantom flow model used here.  
Difficulties in generating the velocity vectors and streamlines in CVI42 further draw 
attention to the fact that most of CVI42’s post-processing tools are FDA-cleared for cardiac 
applications but are still experimental for neuro-vasculature applications. While 20 particles/mL 
is probably sufficient for visualizing vector fields and streamlines in the aorta or pulmonary 
arteries, which are larger than the majority of intracranial vessels, it is evidently insufficient for 
visualizing the anterior communicating and middle cerebral arteries. 
Due to its proprietary nature, we are unable to know exactly how CVI42 is calculating 
many of the quantitative parameters. For example, we believe it calculates flow rate by multiplying 
the average velocity within a contour by its (changing) area, since the flow rate curves appear all 
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to have a similar shape, but cannot be certain about this. The wide variability in the peak velocities 
also reduces confidence in CVI42’s ability to accurately evaluate a small, specific subset of the 
velocity data. Average velocity could be a more robust parameter to use in lieu of peak velocity, 
which depends on a single velocity value of an analysis plane, thus more susceptible to outliers. 
CVI42 provides the maximum and average wall shear stress along the vessel 
circumference, but does not provide the value of the lowest wall shear stress nor their exact 
locations of these values, which would be of great interest when evaluating aneurysmal growth. 
And although there are clear trends in the wall shear stress data provided by CVI42, the results are 
cannot be validated through the In-House pipeline. 
The In-House processing pipeline also presents with its own limitations, apart from lacking 
an established method to obtain wall shear stress values. This pipeline requires significantly more 
time and technical expertise to process studies in multiple steps, in multiple software 
environments, also necessitating additional points of data transfer. Although this pipeline 
facilitates for easier trouble shooting, such a post-processing workflow would not be feasible to 
implement in a clinical setting. 
Another limitation of the In-House pipeline includes segmentation of the flow region. Since 
the phantom was a solid model with a flow lumen that does not change dimensions, segmentation 
could be done using the magnitude image and then applied throughout the entire cardiac cycle. 
But this would not be feasible when processing in vivo studies, where vessels dilate and contract 
throughout the cardiac cycle. Segmentation at each phase of a study would require significantly 
more time and multiply the number of datasets to be processed for a single study. 
Lastly, although the phantom was created from patient-specific data, in vivo anatomy is 
undoubtedly more complex. Signal from surrounding tissue may affect the compressed sensing 
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reconstruction differently and the presence of additional vessels may affect the hemodynamics 
observed. The results of in vivo studies, currently underway, will help evaluate the true effects of 
4D flow with compressed sensing in patients with intracranial aneurysms and provide the 
opportunity to evaluate the effects of compressed sensing in aneurysms with varying shapes and 
sizes. 
 
4.1 Conclusion 
The analysis of the velocity components showed velocity data can be reliably obtained 
using 4D flow with compressed sensing, particularly when acquired with lower acceleration 
factors at higher resolutions; visual analysis of the velocity vectors and streamlines further supports 
this. Yet high variability in the other flow parameters highlights another known limitation of 4D 
flow imaging: namely the need to establish a reliable, robust yet efficient, and validated workflow. 
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